A Bose-Einstein condensate of the hexaquark particle known as d * (2380) has been recently proposed as a dark matter candidate by the authors in Bashkanov & Watts 2020. This particle can produced in an abundant condensate state in the early universe and is argued to satisfy all the stability and weak interaction constraints of a viable dark matter candidate. This dark matter candidate is able to evade direct detection bounds and is suggested to have the best observational prospects in the form of indirect astrophysical emissions due to the decay of the d * condensate. In this work we test the indirect observational prospects of this form of dark matter and find that its low mass ∼ 2 GeV mean that sub-GeV gamma-rays searches have the best prospects in the Milky-Way galactic centre where we find Γ d * < 3.9 × 10 −24 s −1 , with current extra-galactic data from M31 and the Coma cluster producing constraints on the d * decay rate two orders of magnitude weaker.
Introduction
The nature of Dark Matter (DM) remains one of the most important problems in astroparticle physics. Despite extensive gravitational evidence [1] neither direct [2] nor indirect searches [1, 3, 4] have produced anything beyond parameter space constraints. In particular the direct detection experiments have strongly narrowed the space of viable supersymmetric Weakly Interacting Massive Particles (WIMPs) [2] . A recent proposal of new form of light quark based DM consists of having the hexaquark particle d * (2380) formed in the early universe and existing until the present epoch in the form of a stable Bose-Einstein Condensate (BEC) [5] .
The authors in [5] argue that the most probable signature of this form of DM is likely to come from astrophysical emissions from the decay of the d * BEC. In this letter we explore the potential of indirect observations to detect the signatures of d * decay in both radio and gamma-ray frequencies. Our findings are that the best extra-galactic target constraint on the decay rate was from the M31 galaxy with Γ d * < ×10 −22 s −1 which corresponds to lower limit on the d * BEC lifetime several orders of magnitude longer than the age of the universe [6] . A model independent search in diffuse galactic gamma-rays from [7] found Γ < 10 −24 s −1 but the photon yield per decay in this model exceeds the hexaquark case from [5] by 5 orders of magnitude at energies around 0.1 GeV where our constraints are derived. So we exceed a 'model-translated' version of the [7] limit by two orders of magnitude in extra-galactic targets.
In our own galactic centre we find the strongest observational prospect. Using the CLUMPY software [28, 29, 30] to determine a dark matter halo density profile we find that Γ d * < 3.9 × 10 −24 , a full two order of magnitude improvement on extra-galactic data. The galactic centre gamma-ray data set we used was for the Fermi-LAT GeV excess spectrum from [34] as this d * decay contributes to anomalous emissions not covered by the Fermi templates. The use of this spectrum greatly improves constraints as the flux is at least an order of magnitude below the total signal observed by Fermi-LAT. These limits better the translated limits from [7] by 5 orders of magnitude and are competitive with the unmodified limits on light DM decay via electrons with final-state radiation (we compare to this case as its spectral shape is most similar to the d * data from [5] ).
This letter is structured as follows: in section 2 the particle distribution functions from d * decays are discussed with the emission mechanisms then detailed in sections 3, 4, and 5. The DM target halos are described in 6 and the observational flux data for these targets is listed in 7. The results are presented in section 8 and conclusions are drawn and discussed in section 9.
d * (2380) decay particle source functions
The source function for particle species i is found according to
where Γ d * is the decay rate, dN i dE is the particle number per unit energy from a d * decay, ρ d * is the DM density, and m d * = 0.238 GeV.
High-energy emissions from d * decay
We will look at three mechanisms for high-energy emissions: Inverse-Compton Scattering (ICS), bremsstrahlung, and more direct gamma-ray emission. The power produced by the ICS at a photon of frequency ν from an electron with energy E is given by [9, 10] 
where E γ (z) = hν(1 + z), is the energy of the seed photons distributed according to n( ), and
with σ T being the Thompson cross-section and
,
where m e is the electron mass. The power from bremsstrahlung at photon energy E γ from an electron at energy E is given by [9, 10] 
n j is the distribution of target nuclei of species j, the cross-section is given by
with φ 1 and φ 2 being energy dependent factors determined by the species j(see [9, 10] ). The emissivity of mechanism i (ICS or bremsstrahlung) is given by
where dn e − dE is the electron distribution within the source region from d * decay. The flux is then found via
where D L is the luminosity distance to the halo centre.
The flux from more direct photon production is found simply via
where Q γ is the gamma-ray source function.
Radio emissions from d * decay
The power from synchrotron emission at frequency ν from electron at energy E is given by [10, 9] 
where m e is the electron mass, ν g = eB 2πmec is the non-relativistic gyro-frequency, r e = e 2 mec 2 is the classical electron radius, and the quantities κ and F synch are defined as
with the plasma frequency ν p ∝ √ n e , γ as the electron Lorentz factor, and
The flux is found in the same manner as ICS and bremsstrahlung, following equations ()8) and (9) using P synch .
Electron equilibrium distributions
The synchrotron, ICS, and bremsstrahlung mechanisms require the spectrum of electrons injected via DM decays. This will be taken to be the equilibrium solution to the diffusion equation
where method of solution is to assume the diffusion and energy-loss functions D and b have no position dependence, such that
where D 0 = 3.1 × 10 28 cm 2 s −1 , d 0 is the magnetic field coherence length, B is the average magnetic field strength, and E is the electron energy. The loss-function is found via [11, 12] b
where n is the average gas density, the coefficients b IC , b sync , b Coul , b brem are the energyloss rates from ICS, synchrotron emission, Coulomb scattering, and bremsstrahlung. These coefficients are given by 0.25 × 10 −16 (1 + z) 4 /6.08 × 10 −16 (for CMB/inter-stellar radiation fields), 0.0254 × 10 −16 , 6.13 × 10 −16 , 4.7 × 10 −16 in units of GeV s −1 .
The solution used follows the methods outlined in [11] similar to [13, 14] . Full details can be found in [15] . It should be noted that, to better reflect the environment of the decays, the average values B, n are weighted by the halo DM density.
Halo environments
The primary halo characteristic is the DM density profile, we will make use of the Navarro-Frenk-White (NFW) case [16] , the cored Burkert profile [17] , and the Einasto profile [31] ρ 
where alpha is the Einasto parameter, while r s and ρ s are the characteristic halo scale and density respectively.
Coma
In the Coma galaxy cluster we follow [11] in using the halo parameters M vir = 1.33×10 15 M , R vir = 1.96 Mpc, and r s = 0.196 Mpc with an NFW profile (ρ s is chosen to normalise the density to M vir within R vir ). The gas density within the halo is taken to have a profile n e (r) = n 0 1 + r r d
with n 0 = 3.44 × 10 −3 cm −3 , q e = 1.125, r d = 0.29 Mpc from [18] . The magnetic field model is then
with B 0 = 4.7 µG, and q b = 0.5 from [19].
M31
In M31 we will use an NFW profile with parameters found in [20] to be M vir = 1.04×10 12 M , R vir = 0.207 Mpc, and r s = 0.0167 Mpc (ρ s is chosen to normalise the density to M vir within R vir ). In M31 we use an exponential gas density
with n 0 = 0.06 cm −3 [21] , and r d ≈ 5 kpc fitted in [22] . In this environment we use the magnetic field model from [22] which has, within r ≤ 40 kpc,
with r 1 = 200 kpc.
Reticulum II
The Reticulum II dwarf galaxy is taken to have a Burkert density profile following arguments from [23, 24] . This profile has r s = 0.139 kpc [25] and is normalised to the annihilation J-factor 8 × 10 18 GeV 2 cm −5 found in [4] within 0.5 • of the galaxy centre.
In Reticulum II we follow [25] in using the profiles for gas density and magnetic field strength:
and
We take r d to be given by the stellar-half-light radius with a value of 15 pc [26, 27] and we assume B 0 ≈ 1 µG, n 0 ≈ 10 −6 cm −3 .
Galactic centre
We use only the gamma-ray spectrum in the galactic centre and so our model data consist of just the annihilation J-factor. This we find using CLUMPY [28, 29, 30 ] to be 9.94 × 10 22 GeV 2 cm −5 within 10 • of the galactic centre assuming an Einasto halo profile. We normalise our halo profile to the stated J-factor (using the CLUMPY halo parameters) in order to determine the decay products from this target.
Target environment fluxes
In the Coma galaxy cluster we make use of the diffuse radio data set from [32] and the gamma-ray limits from [3] . For M31 we make use of the radio frequency data set from [15] , these are divided into 50 and 15 observing regions (see [15] and references therein for further details). For gamma-rays in M31 we use the data points (but not upper-limits at higher energies) from [33] . In Reticulum II we use the diffuse flux limit of 12 µJy at 1.873 GHz from [25] , and the gamma-ray upper-limits from [4] . To follow [7] we test the gamma-ray spectrum of the Fermi-LAT excess from [34] against DM predictions using the 10 • region of interest around the galactic centre.
Results
We display predicted spectra assuming Γ d * = 10 −24 s −1 noting that largely model independent constraints for DM decaying to photons in [7] find that Γ < 10 −24 s −1 . The limits from [7] are not completely compatible with the model from [5] . This is because, while the spectral shapes are somewhat similar, the model-independent gammaray yields are around 5 orders of magnitude larger than those presented for the decay of d * particles. So a rough benchmark to compare with our limits derived here will be Γ d * < 10 −19 s −1 . Additionally, this makes a reasonable benchmark due to the similarity of this 1/Γ d * to the age of the universe [6] .
In the case of the Coma galaxy cluster in Figure 1 it is evident that existing gammaray upper-limits provide the strongest option for constraint in this environment with Γ d * ≤ 7.4 × 10 −22 s −1 to avoid exceeding the limits at 2σ confidence interval. The observed radio data points are at least 5 orders of magnitude above the predicted spectrum. The resulting constraints from this data are Γ d * ≤ 3.6 × 10 −17 s −1 . Our results in the Coma case already exceed the model-translated galactic diffuse case from [7] by around 2 orders of magnitude.
M31 results are displayed in Figs. 2 and 3 are also well below the observed data points for the fiducial Γ value. However, the gamma-ray data points from [33] provide a constraint that Γ d * ≤ 1.2 × 10 −22 s −1 at the 2σ confidence level. This is vastly better than the Coma cluster radio constraint, and a factor of 6 or so better than the gammaray case. Substantially weaker limits result from the radio data points, largely as the synchrotron emissions peak at such a low frequency as a consequence of the ∼ 2 GeV d * mass.
In Figure 4 we display the Reticulum II predicted spectrum. Importantly, the gamma-ray data points do not overlap with the predicted spectrum so can provide no constraints. However, the steep gamma-ray peak suggests that lower energy observations could provide a relatively strong probe of d * decays in this target. If the power-law trend of the limits is continued, a Γ d * ≤ 10 −23 s −1 is potentially attainable, bettering even the M31 case. The relatively low energy threshold for ICS dominance in the Reticulum II spectrum also produces surprisingly strong radio limits with Γ d * ≤ 1.04 × 10 −14 s −1 .
In figure 5 we display the case of the galactic centre gamma-ray spectrum compared to the data from the Fermi-LAT diffuse gamma-ray excess within 10 • from [34] . Here we see that the Γ d * = ×10 −24 s −1 case only lies slightly below the observed spectrum and a resulting constraint is that Γ d * ≤ 3.9 × 10 −24 s −1 , improving on the model translated value from [7] by around 5 orders of magnitude making this competitive even with the unmodified model independent limits.
Discussion and conclusions
We present here a summary of the constraints on the d * decay rate Γ d * in 1 These results
Data set
Limit GC gamma-ray Γ d * ≤ 3.9 × 10 −24 s −1 M31 gamma-ray Γ indicate that the various fluxes from d * decay are weak but benchmarking against the viability of the hexaquark DM model is difficult without a result for Γ which would be necessary to reproduce the present-day DM abundance. The most comparable limit is the largely model independent set from [7] which uses diffuse X-ray and gamma-ray galactic emissions to constrain decaying DM models both via direct decay to photons and from final state radiation. Due to the differences with the hexaquark model we compare to a modified model-translated limit of 10 −19 s −1 . The most optimistic observation case is from our results is the Milky-Way galactic centre which produces limits from gammaray fluxes similar to model-independent limits from [7] and 5 orders of magnitude better than the roughly translated value 10 −19 s −1 . Despite being two orders of magnitude smaller than Γ d * limits from the galactic centre, M31 and Coma still provide limits Γ d * 10 −22 s −1 , indicating a particle lifetime lower limit around two orders of magnitude in excess of the age of the universe. If not for the limited energy range of the Reticulum II gamma-ray data it is likely that the strongest extra-galactic environment for these constraints is dwarf galaxies (particularly with gamma-ray measurements or perhaps millimetre telescopes). Radio limits are weak across the board due to the very low energy of the synchrotron peak as a consequence of the small d * mass. Particularly, this synchrotron peak lies below 10 MHz and is therefore likely unobservable within the atmosphere of Earth.
The uncertainties from halo parameters in the displayed results are notably small in comparison to the difference with the lower limits from [7] and tend to be smaller in the simpler gamma-ray region of the spectrum. However, unquantified uncertainties exist in terms of the required Γ value to achieve a significant present-day DM fraction and in the formalism used to convert charged pion products to electrons/positrons (as the quantitative effect of the neglected radiative corrections is unknown). This latter uncertainty does not affect the gamma-ray results as they were all attained from the pion decay channels of d * .
Despite these uncertainties it seems likely that the emissions from d * hexquark decay produce relatively weak fluxes in astrophysical environments but that gamma-ray searches in galaxy clusters, galaxies, and dwarf galaxies at energies below 1 GeV may be able to provide further constraints. The most promising target being our own galactic centre whose Fermi-LAT excess constraint betters the existing results derived for model independent cases. The data used in this work was not optimised for this kind of indirect DM search so the results produced could undoubtedly be improved upon in the future. 
